Losses of phosphorus (P) when pig slurry applications to land are followed by a rainfall event 22
48

Introduction 49
7 provides the first comparison of the effects on runoff concentrations and loads following the 149 addition of amendments to Irish pig slurry. 150
151
The aim of this laboratory study was to investigate P and suspended sediment (SS) losses 152 during three consecutive simulated rainfall events and to: 153 1) elucidate if amendment of pig slurry can control incidental (losses which take place 154 when a rainfall event occurs shortly after slurry application and before slurry infiltrates 155 into the soil) and chronic P losses over time to below that of the soil control, and 156
2) compare how amendment of pig slurry affects P speciation and metal losses in runoff 157 when compared with control and slurry only treatments. between two holding tanks, which were sequentially placed after a holding tank under the 166 slats. To ensure a representative sample, this valve was turned on and left to run for a few 167 minutes before taking a sample. The slurry was stored in a 25-L drum inside a fridge at 4 o C 168 prior to testing. The TP and total nitrogen (TN) were determined using persulfate digestion. Table 2 . 176 177
Soil collection and analysis 178
179 120-cm long, 30-cm wide, 10-cm deep intact grassed soil samples (n=15) were collected 180 from a local dry stock farm in Galway, Republic of Ireland. Soil samples (n=3) -taken from 181 the upper 100 mm from the same location -were air dried at 40 °C for 72 h, crushed to pass a 182 2 mm sieve and analysed for Morgan's P (the national test used for the determination of plant 183 available P in Ireland) using Morgan's extracting solution (Morgan, 1941) . Soil pH (n=3) was 184 determined using a pH probe and a 2:1 ratio of deionised water-to-soil. The particle size 185 distribution was determined using a sieving and pipette method (British Standard (B.S.) 186 1377-2; BSI, 1990a) and the organic content of the soil was determined using the loss on 187 ignition (LOI) test (B.S.1377-3; BSI, 1990b The results of a laboratory micro-scale study by O' Flynn et al. (2012) were used to select 196 amendments and their application rates to be used in the present study. The amendments, 197 which were applied on a stoichiometric basis, were: (1) commercial grade liquid alum (8% was placed at the base of each runoff box before packing the sods to prevent soil loss. 218
Immediately prior to the start of each experiment, the sods were trimmed and packed in the 219 runoff boxes. The packed sods were then saturated using a rotating disc, variable-intensity 220 rainfall simulator (after Williams et al., 1997) , and left to drain for 24 h by opening the 5-221 mm-diameter drainage holes before continuing with the experiment. At this point (t = 24 h), 222 when the soil was at approximately field capacity, slurry and amended slurry were spread onthe packed sods and the drainage holes were sealed. They remained sealed for the duration of 224 the experiment. The following treatments were examined in triplicate (n=3) The vast majority of the Irish landscape has rolling topography and is highly dissected with 266 surface water or drainage systems. The present laboratory experiment mimics a field 267 neighboring such a landscape. The high drainage density, high annual rainfall and low annual 268 potential evapotranspiration (20-50% of rainfall) facilitates the hydrological pathways for 269 transfers of P (Wall et al., 2011) . However, the losses from the runoff boxes in the present 270 study may be buffered further before reaching this export continuum. 271
The flow weighted mean concentrations (FWMC) of P in runoff from the soil-only treatment 273 were constant for all REs, with TP and TDP decreasing from 0.62 and 0.42 mg L -1 274 (corresponding to loads of 3.6 and 2.5 mg m -2 ), respectively, during RE 1 to 0.60 and 0.41 275 mg L -1 (3.4 and 2.3 mg m -2 ) during RE 3 (Fig. 1) . These concentrations of TP were above 276 0.03 mg P L -1 , the median phosphate level above which significant deterioration in water 277 quality may be seen in rivers (Clabby et al., 2008) . These high losses were as expected as the 278 soil used was a P index 4 soil, which carries the risk of increased P loss in runoff (Tunney, 279 2000) and may not normally have P spread on it (S.I. No. 610 of 2010) . Although the 280 buffering capacity of water ensures that the concentration of the water in a stream or lake will 281 not be as high as the concentration of runoff, chronic losses of P are a major issue in water 282 quality. 283
284
Phosphorus losses of all types increased with slurry application (Fig. 1) . The FWMC of DRP 285 for the runoff from the slurry control, averaged over the three rainfall events, was 0.89 mg L -1 286 (4.47 mg m -2 ), which was significantly different to, and over twice as high as the soil-only 287 treatment (p=0.00) ( Table 4) . Although the concentration of TDP in runoff from the slurry 288 control decreased slightly during each event (Fig. 1) , the TDP fraction of TP increased from 289 45% during RE1 to 55% during RE2, and 66% during RE3. This was due to the level of PP in 290 runoff reducing, albeit not significantly (p>0.05), between each event. A similar trend was 291 replicated across all amended slurry treatments. As PP is generally bound to the minerals 292 (particularly Fe, Al, and Ca) and organic compounds contained in soil, and constitutes a long-293 term P reserve of low bioavailability (Regan et al., 2010) , it may provide a variable, but long-294 term, source of P in lakes as it is associated with sediment and organic material in agricultural 295 runoff (Sharpley et al., 1992 Al from PAC was significantly lower than from alum (p=0.00), significantly higher than from 362 FeCl 3 (p=0.036), but not significantly different to the soil-only or slurry control (p>0.05). 363
FeCl 3 resulted in increased levels of Fe, significantly different (p<0.05) to all other 364 treatments. Alum reduced Fe levels in runoff compared to the slurry control. This result was 365 in agreement with Moore et al. (1998) and Edwards et al. (1999) . Moore et al. (1998) added 366 alum at 10% by weight in a plot study to poultry litter, which was spread at varying land 367 application rates up to 8.98 Mg ha -1 . Rainfall was applied immediately after slurry application 368 (RE1), and 7 days later (RE2) at 50 mm h -1 for 27.5 min after runoff began. At the highest 369 land application rate, Fe loads in runoff were reduced from 94.2 and 31.1 g ha -1 from the 370 slurry control for RE1 and RE2 to 37.8 and 12.1 g ha -1 from the alum-amended litter. There are no limits for levels of Al in surface water intended for the abstraction of drinking 374
water, but the concentrations of Fe measured in the runoff were well within the mandatory 375 limit of 0.3 mg L -1 (EEC, 1975) . 376
377
The effect of amendments on slurry pH is a potential barrier to their implementation as it 378 affects P sorbing ability (Penn et al., 2011) and ammonia (NH 3 ) emissions from slurry 379 (Lefcourt and Messinger, 2001 ). The use of acidifying amendments can lead to an increased 380 release of hydrogen sulphide gas (H 2 S) from slurry, which is believed to be responsible for 381 human and animal deaths when slurry is agitated on farms. However, the results from this 382 laboratory experiment showed the pH of the runoff water not to be significantly affected by 383 the use of amendments (p>0.05). However, further investigation would need to be undertaken 384 to confirm that pollution swapping (the increase in one pollutant as a result of a measure 385 introduced to reduce another pollutant (Healy et al., 2012)) does not occur. 386 387
Outlook for use of amendments as a mitigation measure 388 389
In this laboratory study, amendments to pig slurry significantly reduced runoff P from runoff 390 boxes compared to the slurry control. However, the DRP concentration in runoff remained at 391 or above the DRP concentration in runoff from soil only, indicating that, although incidental 392 losses can be mitigated by chemical amendment, chronic losses cannot be reduced. Future 393 research must examine the effect of amendments on P loss to runoff at field-scale under real-394 life conditions with conditions which laboratory testing cannot mimic, such as the presence of 395 drainage, flow dynamics and a watertable. Other research which must also be carried out 396 includes the effect of amendments on leachate, gaseous emissions and plant available P. 397
398
The use of amendments also incurs the extra cost of purchasing amendments. O' Flynn et al. 399 (2012) estimated that the cost of spreading amended slurry at the stoichiometric rates used in 400 this study would be 3.33, 2.45, and 3.69 € m -3 for alum, FeCl 3, and PAC, respectively. This 401 would be in comparison to 1.56 € m -3 to spread unamended slurry. 402
403
Increased regulation of pig slurry management will accentuate the problem of chronic P 404 losses. A possible solution, unexamined in the present study, would be to modify the soil with 405 a P sorbing material. 406 407
Conclusions 408 409
The findings of this study were: 410 1. On the high soil test phosphorus soil tested, phosphorus losses from the grassed soil 411 only were high and were further increased following slurry application. All 412 amendments tested reduced all types of phosphorus losses, but did not reduce them 413 significantly to below that of the soil-only treatment, the average flow-weighted mean 414 concentration of total phosphorus of which was 0.61 mg L -1 and which comprised 415 31% as particulate phosphorus. For the slurry control, the average flow weighted 416 mean concentration of the surface runoff was 2.17 mg total phosphorus L -1 , 47% of 417 which was particulate phosphorus. In decreasing order of effectiveness at removal of 418 phosphorus, the most successful amendments were: commercial-grade liquid poly-419 aluminium chloride, which reduced the average flow weighted mean concentration of 420 total phosphorus to 0.64 mg L -1 (42% particulate phosphorus); commercial-grade 421 liquid ferric chloride, which reduced total phosphorus to 0.91 mg L -1 (52% particulate 422 phosphorus); and alum, which reduced total phosphorus to 1.08 mg L -1 (56% 423 particulate phosphorus). 424 2. For each treatment, total phosphorus and total dissolved phosphorus concentrations in 425 runoff decreased after each rainfall event. However, the fraction of total dissolved 426 phosphorus within runoff increased, due to large, although not significant, decreases 427 in particulate phosphorus between events. Table 4 . Flow-weighted mean concentrations (mg L -1 ) averaged over three rainfall events, and removals (%) for dissolved reactive P (DRP), 692 dissolved un-reactive P (DUP), total dissolved P (TDP), particulate P (PP), total P (TP), and suspended sediment (SS 
